A class of rifampin-resistant (rfm) mutations of Bacillus subtilis suppresses the temperature-sensitive sporulation of a fusidic acid-resistant mutant, FUS426, which has an altered elongation factor G. The rfmn mutation suppressed only the sporulation defect caused by the elongation factor G mutation, but could not suppress other types of induced sporulation defects. Genetic and biochemical analyses showed that the sporulation suppression by the rfm mutation was caused by a single mutation in RNA polymerase. After the early sporulation phase, the RIF122FUS426. The possible mechanism of the functional interaction between elongation factor G and RNA polymerase during sporulation is discussed.
sporulation defect caused by the elongation factor G mutation, but could not suppress other types of induced sporulation defects. Genetic and biochemical analyses showed that the sporulation suppression by the rfm mutation was caused by a single mutation in RNA polymerase. After the early sporulation phase, the apparent rate of RNA synthesis of FUS426, measured by [3H]uracil or [3H]uridine incorporation into RNA, became lower than that of the wild-type strain, and this decrease was reversed by the rfin mutation. However, when the total rate of RNA synthesis of FUS426 was calculated by measuring the specific activity of
[3H]UTP and [3H]CTP, it was higher than that of the rfm mutant, RIF122FUS426. The possible mechanism of the functional interaction between elongation factor G and RNA polymerase during sporulation is discussed.
Sporulating cells and spores of Bacillus subtilis are biochemically and morphologically different from vegetative cells. These differences are controlled, at least in part, at the transcriptional level, because sporulation-specific mRNA's are detected in the sporulating cells (4, 30) . In addition, structural and functional alterations of the initiation factors (3) and ribosomes (5-9, 18, 24, 33) have been observed, and the importance of translational control during sporulation has been suggested.
Recently, a functional relation between the translational apparatus and the transcriptional system has been reported. For example, Kaplan et al. (13) showed that the ribosomes have an important role in the stringent control of RNA synthesis. Pongs and Ulbrich (22) reported that Escherichia coli fMetAtRNAfMet and RNA polymerase formed a 1:1 complex and that the binding of the initiator tRNA stimulated the transcription of Xplac DNA. Chakrabarti and Gorini (2) found that a class of temperatureinsensitive rfim mutations became temperature sensitive in the presence of a specific temperature-insensitive rpsL mutation, which suggested an interaction between ribosomes and RNA polymerase. Elongation factor G (EF-G) mutants with an altered stable RNA synthesis character were also isolated from B. subtilis (15) and E.
coli (34) .
These facts suggest a possibility that the translational apparatus may regulate the sporulation at the transcriptional level by interacting functionally with RNA polymerase. Kobayashi et al. (16) isolated a fusidic acid-resistant, temperature-sensitive sporulation mutant of B. subtilis (FUS426), whose sporulation is blocked at an early stage at the nonpermissive temperature, and showed that the fusidic acid resistance and the temperature-sensitive sporulation were caused by a single mutation in EF-G. To examine the possibility that EF-G may regulate sporulation at the transcriptional level, we have isolated rifampin-resistant mutants from strain FUS426 and found that the temperature-sensitive sporulation character of strain FUS426 was suppressed by a class of rfmn mutations. Analysis of these mutants suggests that the sporulation is controlled through the functional interaction between EF-G and RNA polymerase.
(Preliminary results of this work were presented at the Seventh International Spore Conference, Madison, Wis., October 1977 [17] .)
MATERIALS AND METHODS
Bacterial strains. The characters of the strains used in the present paper are described in Schaeffer sporulation plate (27) containing 5 pLg of rifampin per ml and incubated at 45°C for 4 days; then the sporulation ability of the rfm mutants appearing was determined by the color of the colonies (the asporogenous colonies were translucent, whereas the colonies of spore-forming strains were brown). As a rule, only one brown colony was picked up from one plate.
Growth and sporulation. Cells were grown in Schaeffer sporulation medium supplemented with 10 ,ug of thymine per ml. To obtain synchronous sporulation, cells were transferred two times to fresh medium at an early stationary phase. Heat-resistant spores were counted by plating the cells after heating the cell suspensions for 10 pg of the enzyme (step iv extracts [10] ). Reaction mixtures were incubated at 37°C for 10 min. The reaction was stopped by the addition of 4 ml of cold 5% trichloroacetic acid. The precipitates were collected on GF/C Whatman glass fiber filters, washed with 5% trichloroacetic acid, and dried. The radioactivity was counted in a liquid scintillation counter.
Step iv extracts were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis in Tris-glycine buffer (29 100-pl samples were taken and extracted with 50 p1 of 4 M formic acid. Nucleotides in the supernatant were separated by thin-layer chromatography (36) . The incorporation of [3H]uridine into RNA was determined by precipitating 100-pl samples with 10% trichloroacetic acid at indicated times. The rate of RN4A synthesis (UMP incorporation into RNA) was calculated according to Segall et al. (28) .
Preparation of unlabeled RNA. Unlabeled rRNA was extracted by the phenol method from the ribosomes of late-logarithmic-grcwth-phase cells that had been treated for 30 min with rifampin (20 ug/ml) before harvesting. ' Total unlabeled RNA was prepared as follows. Nucleic acids were prepared according to the method of Summers (31), dialyzed against 0.01 M Tris-hydrochloride (pH 7.5) and 1 mM MgCl2, and then treated with 20 ,ug of ribonuclease-free deoxyribonuclease per ml at 370C for 10 min. RNA was extracted with watersaturated phenol three times, precipitated with ethanol two times, and resuspended in 2x SSC (pH 7.4) (lx SSC = 0.15 M NaCl-0.015 M trisodium citrate).
Hybridization-competition experiments. (i) rRNA assay. Samples of cells (1 ml 20 h at 660C in 0.75 ml of 6x SSC containing 0.05% sodium dodecyl sulfate, and the relative amount of rRNA in the total RNA was estimated according to the method of Kimura (14) .
(ii) mRNA assay. Samples ( RESULTS Isolation of rifampin-resistant mutants from FUS426. The fusidic acid-resistant, temperature-sensitive sporulation mutant (FUS426) is unable to sporulate at 450C and produces translucent colonies on Schaeffer sporulation plates. A wild-type strain (B. subtilis 168 thy trp) sporulates at this temperature and produces brown colonies. Therefore, the sporulation ability of the mutants was easily determined by the color of the colonies. Mutants resistant to rifampin (5 ,ug/ml) were isolated spontaneously from FUS426 at a mutation frequency of 2.8 x 10-8.
These mutants can be divided into two classes according to their sporulation character. In class I mutants the temperature-sensitive sporulation character of FUS426 was suppressed. They produced brown colonies on the sporulation plates at 450C. In class II mutants the temperaturesensitive sporulation character of FUS426 was not suppressed, and therefore translucent colonies were produced at 45°C. In the following experiments, the sporulation suppression mechanism of the class I mutants was studied using mostly one typical class I mutant RIF122-FUS426.
Suppression of the temperature-sensitive sporulation by an rIn mutation. The effect ofthe class I mutation on the temperaturesensitive sporulation of FUS426 was determined at various temperatures. The strains RIF122 and RIF117 were obtained by transforming rfmn mutations of RIF122FUS426 and RIF117FUS426 (class I mutants) to the wild-type strain, respectively. RIF122 and RIF117, as well as the wildtype strain, sporulated at higher temperatures (Fig. 1) (21) . The introduction by transduction of rfml22 into the SpoO8O strain had no effect on the sporulation defect of SpoO8O -\ ( Table 3 ). The rfm ulation medium at temperatures ranging from 30 locus is the structural gene of the f-subunit of "C. At t24 the heat-resistant spores were counted. g viable cell number of six strains at t2 was nearly RNA polymerase (11, 20) . When the sporulation iame at 42°C (3 x Specificity of the effect of the im mutation on sporulation. To know whether the suppressive character of the rfif mutation is effective only in the temperature-sensitive sporulation of the FUS426 strain, the effect of rifm mutation on other types of sporulation defects was studied. One of the fusidic acid-resistant mutants, FUS429, sporulates very poorly in the presence of fusidic acid (16) . The rfm122 mutation introduced into FUS429 by transfornation increased the sporulation ability to a level 50-fold higher than that of strain FUS429 (Table   TABLE 2 (Fig. 2) showed that at 0.5 jug of rifampin per ml the activity of FUS426 RNA polymerase was completely inhibited, whereas the RNA polymerase ofRIF122FUS426 still retained 56% of the activity of the control. Therefore, the mutant had an altered RNA polymerase.
Linn et al. (20) showed that one rifampinresistant mutant had an RNA polymerase containing a ,B-subunit (the second largest polypeptide of RNA polymerase) of altered electrophoretic mobility. On the other hand, Halling et al. (11) found that the alteration of the largest polypeptide, which they called ,B, was responsible for rifampin resistance. We analyzed the mutant RNA polymerase by electrophoresis, but could not detect any differences between the RNA polymerase of FUS426 and that of RIF122FUS426 (data not shown).
RNA synthesis rate and sporulation. The growth rates of FUS426 and RIF122FUS426 at 420C were very similar (Fig. 3) . However, the apparent RNA synthesis rate ([3H]uracil incorporation into cold trichloroacetic acid-insoluble fraction) of both strains was remarkably different. After to.5, the RNA synthesis rate of RIF122FUS426 increased and reached a maximum at about tl.5, whereas that of FUS426 continued to decrease. The RNA synthesis rates of the wild-type, RIF122, and FUS426 strains (at the permissive temperature) also increased after to.5 ( Fig. 3b; 17) . Similar (Fig. 4) . Contrary to our expectation, the actual RNA synthesis rate of RIF122FUS426 at 420C was lower than that of FUS426 at ti.5 (Fig. 4d) . The actual RNA synthesis rate of FUS426 at 300C was almost the same level as that of RIF122FUS426 at 420C (data not shown). The high specific activity of [3H]UTP in RIF122FUS426 cells (Fig. 4a) is not due to a small intracellular UTP pool size, because the UTP pool size in RIF122FUS426 cells is nearly the same as that in FUS426 (data not shown).
To verify the above results, RNA polymerases were partially purified from FUS426 and RIF122FUS426, and the activity was compared. The activity of RNA polymerase from FUS426 was about twofold higher than that from RIF122FUS426 (Fig. 5a) . Similar results were obtained for the RNA polymerases of the logarithmic-growth-phase cells (data not shown) and by the experiments using the permeabilized cells (Fig. 5b) . These results indicate clearly that the RNA synthesizing activity of RIF122FUS426 was reduced by rfin mutation, and the apparent increase in RNA synthesis observed at tl.5 ( Fig.  3) was not due to an actual increase in the RNA synthesis.
Analysis of RNA synthesized by the mutants. It is of special interest to know what kind of RNA is synthesized at t1.5. To determine the proportion of rRNA in the total RNA synthesized during sporulation, the cells were pulselabeled for 2 min with [3H]uridine at ti.5 or t2.o. The labeled RNA was then extracted and hybridized with denatured B. subtilis DNA in the presence or absence of excess amounts (75 jAg per assay) of unlabeled rRNA, and the proportion of rRNA in the total RNA was determined by the method of Kimura (14) . The relative amounts of rRNA synthesized in the wild-type, RIF122, FUS426, and RIF122FUS426 strains were almost the same ( Table 4 ), indicating that the proportion of rRNA and mRNA was not altered significantly by the rfm mutation.
There is a possibility that FUS426 has a defect in making a certain sporulation-specific mRNA and that this defect is suppressed by the rfmn mutation. To test this possibility, DNA-RNA hybridization-competition experiments were carried out. Qualitative differences were not detected (Fig. 6) . Although we cannot rule out the possible existence of a very small qualitative difference between FUS426 and RIF122FUS426 messages, these results indicate that there is almost no significant difference in the properties of RNA synthesized in FUS426 and RIF122FUS426 at t6.5.
DISCUSSION
In the present paper, we have shown that the temperature-sensitive sporulation of the fusidic acid-resistant mutant of B. subtilis is suppressed by a second mutation, rfin. It is evident from the following facts that the rfmn mutation is caused by a single mutation in RNA polymerase: (i) by the genetic analysis, these mutations map in the rfmn locus, which codes for the f-subunit of RNA polymerase (11, 12, 20) (15, 34) and that the fl-subunit of RNA polymerase is involved in promoter recognition (32) . Therefore, as we have already discussed in detail elsewhere (17) , the direct or indirect interaction of RNA polymerase and EF-G at the transcriptional level would be possible during sporulation. This interaction may determine the specificity of the promoter recognition by RNA polymerase, causing the suppression of the temperature-sensitive sporulation.
At the nonpermissive temperature, FUS426 cannot proceed to stage II of sporulation (16) . This means that asymmetric septation is inhibited in this mutant. The cell envelope of FUS426 is thicker than that of the wild-type strain at the nonpermissive temperature (16) to the coupling of RNA and protein syntheses Whatever the mechanisms underlying the ob-and the membrane alterations, may provide a servations reported here, the present experi-clue to the general mechanism that controls ments clearly indicate the functional interaction sporulation. 
